A real-time observation of the redispersion behavior of sintered Pt on ceria-based oxide was made possible by in-situ time-resolved Turbo-XAS in fluorescence mode. 2 wt% Pt/Ce-Zr-Y mixed oxide samples were prepared, and then treated under an aging condition. The average Pt particle size measured by CO absorption method after aging was 7 nm. Redispersion treatments of the previously aged catalyst were carried out at 600°C within an in-situ XAS cell in a cyclical flow of reducing/oxidizing gases. Pt L 3 -edge XANES spectra were collected every 1.1 second under in-situ conditions. From a change in the XANES spectra, we observed that the Pt particle size of the aged catalyst decreased from 7 to 5 nm after 60 seconds and then to 3 nm after 1000 seconds.
INTRODUCTION
Automotive three-way catalysts (TWCs) can efficiently purify harmful automobile emissions. Ever since TWCs were commercialized in the U.S. and Japan in 1977 [1] , they have played an important role in the purification of automobile emissions and have improved in performance in concert with growing demands for global environmental protection.
Basically, a TWC consists of precious metals such as Pt and Rh, supports such as Al 2 O 3 , and some additives. These precious metals act as the active sites to simultaneously purify harmful automotive exhaust such as nitrogen oxides (NOx), carbon monoxide (CO), and unburned hydrocarbons (HC). When the TWC is exposed to high temperatures (~800 °C and above), the precious metal agglomerates and sinters, decreasing the active surface area [2] [3] [4] . The sintering of the precious metal particles during operation causes a decrease in catalytic activity (i.e., degradation). Moreover, exhaust conditions from an automotive gasoline engine fluctuate between oxidative and reductive atmospheres during vehicle operation. Therefore, in-situ dynamic observation on the sintering and redispersion phenomena of the precious metal in the automotive catalysts is important for the development of advanced catalysts. In this report, we present the real-time observation of the redispersion of Pt supported on ceria-based oxide catalysts.
EXPERIMENTAL
Ce-Zr-Y mixed oxide (referred to as CZY) powder as a support oxide was prepared using a coprecipitation process with aqueous NH 3 using Ce(NO 3 ) 3 , ZrO(NO 3 ) 2 , and Y(NO 3 ) 3 in aqueous solutions. The precipitate was dried at 110 °C and calcined in air at 700 °C for 3 h. CZY contains 50 wt% CeO 2 , 46 wt% ZrO 2 , and 4 wt% Y 2 O 3 , and its crystal structure is cubic. 2 wt% Pt/CZY catalysts were prepared by the conventional wet impregnation of CZY powders with a Pt(NH 3 ) 2 (NO 2 ) 2 aqueous solution. The catalyst powders were aged in 3% CO in He at various temperatures in order to obtain specifically sized particles of sintered platinum. The average particle size of Pt metal was measured using the CO pulse adsorption method.
A real-time observation of the redispersion behavior of sintered Pt was made possible by in-situ time-resolved Turbo-XAS (T-XAS) in fluorescence mode at ID-24 (ESRF) [5] . Figure 1 shows the experimental set-up for the T-XAS measurement. In T-XAS, a narrow slit is scanned through the polychromatic fan of radiation downstream of the crystal, selecting a monochromatic beam. Incoming Xrays (I 0 ) and fluorescence X-rays (I) are simultaneously recorded by two detectors. The sample is placed in an in-situ cell equipped with a rapid gas switching system, allowing the gas flow to be alternated over the sample from an oxidative to reductive atmosphere. The cell was specially designed for fluorescence XAS detection at high sample temperatures (T max ~ 800 °C), while minimizing dead volume. Throughout the redispersion experiment, the pellet samples were heated to 600 °C before alternately introducing 20% O 2 in He (oxidizing) and 3% H 2 in He (reducing) every 60 seconds. Pt L 3 -edge XAS spectra were collected every 1.1 second.
RESULTS AND DISCUSSION
To test the feasibility of dispersive XAS at the Pt L 3 -edge on our Pt/CZY catalysts, we first carried out measurements in air and at room temperature, using both the conventional transmission method as well as Turbo-XAS in the fluorescence mode. Figure 2 shows the comparison of raw XANES spectra at Pt L 3 -edge in transmission mode and in fluorescence mode. Transmission data is seen to be very noisy, and the baseline is not flat, making quantitative analysis very difficult. A high concentration of heavy elements such as Ce and Zr in this sample strongly absorbs the X-rays, reducing the optimal thickness of the pellet. The low quality of this data is mainly to be attributed to strong X-ray absorption and thickness inhomogenity of the sample. In contrast, reasonable quality data could be collected using T-XAS in fluorescence mode. Fluorescence T-XAS therefore permits time-resolved measurements on Pt/CZY catalysts.
Next, a method to analyze the Pt redispersion was studied. Figure 3-a) shows Pt L 3 -edge XANES spectra of the Pt/CZY catalyst under oxidizing (20% O 2 ) / reducing (3% H 2 ) atmosphere at 400 °C. The ΔI denotes the difference between the white-line peak height of the oxidized and reduced samples. The ΔI did not change under the repetition of oxidizing/reducing conditions at 400 °C. The relationship between the various Pt particle size determined by the CO pulse method and the ΔI is presented in Figure 3-b) . The ΔI increases with the decreasing particle size of Pt. This indicates that the portion of the surface oxidation on the Pt particles increases as the particle size gets smaller. Therefore, time-resolved XAS under in-situ conditions enables "in-situ real-time measurements of Pt particle size".
Finally, a real-time observation of Pt redispersion on a CZY support is presented in Figure 4 . The preliminarily sintered Pt/CZY catalyst with Pt particle size of 7 nm determined by the CO pulse adsorption method was used for the redispersion experiment. In this figure, the fluctuations of the white-line peak height of the normalized Pt L 3 -edge XANES spectra under cyclical oxidizing/reducing condition at 600°C are shown as a function of time. The white-line peak height changed very quickly, within ~2 seconds, between the values of reduced and that of oxidized Pt after switching the gas atmosphere. This result indicates that the reduction and oxidation of Pt is very fast at 600 °C. While the height of the white-line peak for the reduced catalyst is constant, that for the oxidized catalyst is increased by the amount ΔI. ΔI is seen to gradually increase with time. Using the correlation between the Pt particle size and ΔI in Fig.   3-b) , this redispersion phenomenon is interpreted as follows. The Pt particle size of the aged catalyst decreases from 7 to 5 nm after 60 seconds, and then to 3 nm after 1000 seconds. This kind of Pt redispersion, not observed in a conventional Pt/Al 2 O 3 catalyst, is reasonably attributed to the strong Pt-ceria support interaction [6] .
CONCLUSION
We have exploited for the first time the in-situ Turbo-XAS technique in fluorescence mode. This technique permitted time-resolved measurements on the second timescale for Pt supported on a ceria-based oxide. We then showed that it was possible to perform in-situ real-time measurements of Pt particle size using the white-line height of Pt L 3 -edge XANES. Finally, we discovered a dynamic redispersion behavior for sintered Pt supported ceria-based oxide catalysts in a simulated flowing exhaust. 4. Time course of the XANES peak height for the sintered Pt/CZY catalyst (Pt particle size; 7nm) and the schematic representation of the redispersion behavior. 20% O 2 / He gas and 3% H 2 / He gas were alternately introduced into the cell every 60 seconds at 600 °C throughout the measurements. 
